Since zero-dimensional/one-dimensional simulations of natural gas spark-ignition engines use model theories similar to gasoline engines, the impact of changing fuel characteristics needs to be taken into consideration in order to obtain results of higher quality. For this goal, this article proposes some approaches that consider the influence of binary fuel mixtures such as methane with up to 40 mol% of ethane, propane, n-butane or hydrogen on laminar flame speed and knock behavior. To quantify these influences, reaction kinetics calculations are carried out in a wide range of the engine operation conditions. Obtained results are used to update and extend existing sub-models. The model quality is validated by comparing simulation results with measured heat release rates and knock limit. The benefit of the new submodels is demonstrated by predicting the influence the fuel takes on engine operating limits in terms of knocking and lean misfire limits, the latter being determined using a cycle-to-cycle variation model.
Introduction
Legal CO 2 emitting requirements and a worldwide increasing energy demand require a diversification on the fuel market, especially for automobile applications. When it comes to reaching the emission targets for passenger and freight transportation, compressed natural gas (CNG) as well as synthetic methane-based fuels may play an important role. The advantages are well known compared to conventional fossil fuels: CO 2 savings of approximately 20% can be realized compared to gasoline through a favorable H-to-C ratio of methane. When adding renewable fuels such as electrolytically created hydrogen using excess solar power in daytime, the CO 2 benefit can be even stronger.
Further CO 2 saving opportunities exist in the improvement of the CNG engine efficiency. On one hand, the high knock resistance of methane allows to run an efficiency optimized 50% mass fraction burnt point (MFB50) and higher compression ratios. On the other hand, dethrottling can be achieved using higher exhaust gas recirculation (EGR) rates, which are possible due to the wide ignition limits of methane. To benefit from these advantages, the zero-dimensional (0D)/ one-dimensional (1D) simulation represents an important tool that serves reliable results with little effort, especially for transient operations.
Based on the necessary simplification of the reality when developing 1D models, 1D simulations heavily depend on the quality of their used sub-models. For internal combustion engines, it is of a high importance to model the combustion processes in great detail.
Quasi-dimensional approaches, which are used to describe burn rates of natural gas spark-ignition engines, are mostly based on the modeling of the laminar flame speeds (s L ). However, direct measurements of laminar flame speeds are usually performed for an air-fuel equivalence ratio range between l = 0.7 and 1.7 at pressures of only a few bar, as can be seen in the literatures. [1] [2] [3] [4] [5] [6] [7] This is caused by technical limits as well as hydrodynamic and thermo-diffusive instabilities, as stated in Bougrine et al. 8 As a consequence, most approaches to model laminar flame speeds use extrapolated values for temperatures and pressures relevant for engine operation. One of the most frequently used flame speed correlations results from the work of Gu¨lder 9 and is described by equation (3) for pure methane. This correlation basically changes a base flame speed value, which is dependent on air-fuel ratio (AFR), with temperature, pressure and residual gas fraction, where all of these influences act independently. Heywood 10 proposed a monotonic AFR dependency of the temperature exponent a and pressure exponent b in order to cover fuels like gasoline. Konnov 3 gives a good summary of different studies elaborating on the advancement of the Gu¨lder correlation, suggesting non-monotonic AFR dependencies of a and b and a general coupling of temperature and pressure influences.
A different flame speed model, resulting from asymptotic flame analysis, is presented by Ewald 11 (see equations (4)- (8)) for pure iso-octane. Compared to the original Gu¨lder equation, this model incorporates several cross influences and non-monotonic AFR dependencies, underlining the findings summarized by Konnov. 3 Another approach is presented by Bougrine et al. 8 There, the flame speeds result from reaction kinetics calculations using the GRI-Mech 3.0 for mixtures of methane with up to 100% of hydrogen. This results are approximated using polynomial equations with approximately 40 fitting parameters, resulting in an error of usually 15% and below. Dirrenberger et al. 2 present an empirical fit for mixtures of methane with hydrogen, ethane or propane, but only for one constant temperature and pressure. No flame speed correlation is known to the authors that allows the calculation of laminar flame speeds for binary mixtures of methane with variable amounts of ethane, propane, n-butane or hydrogen, all being of importance when modeling natural gases. Therefore, after showing the general influence of laminar flame speeds in engine simulation by giving a brief overview of quasi-dimensional burn rate modeling, reaction kinetics calculations are used to calculate laminar flame speeds of the binary mixtures listed above. Using this method, the extrapolation of flame speeds for engine-related boundary conditions is not necessary, as reaction mechanisms follow known, physico-chemical principles which allow a mechanism usage outside of its measurement-based validation range. The results are then used to adapt the fitting parameters of the flame speed correlation presented in Ewald 11 to represent pure methane. In a next step, the correlation is expanded to cover the admixture of up to 40 mol% of ethane, propane, n-butane or hydrogen. The expanded correlation is then employed in engine simulation to exemplarily show the prediction of burn rate changes due to hydrogen admixture.
However, fuel composition not only changes flame speed, but also influences the engine knock tendency. Commonly used knock models like Worret et al. 12 base on the Livengood-Wu integral 13 with constant fitting parameters. As a result, changes in fuel composition cannot be predicted and, thus, have to be covered by a model re-calibration. To overcome this shortcoming, reaction kinetics calculations are used to calculate ignition delay times of binary, methane-based fuel mixtures. The results are then approximated using the Weisser approach. 14 The application of both the flame speed and the knock model is exemplarily presented by predicting the operating range of a stationary gas engine in terms of knock limit and lean misfire limit under the influence of hydrogen admixture. To predict the lean misfire limit, a cycle-to-cycle variation model developed in Wenig 15 is employed.
Burn rate modeling
The quasi-dimensional combustion model used in this study is presented in Grill et al. 16 The laminar flame speed correlation proposed in this article affects various equations regarding the combustion model. To clarify the influence, the principle idea of the combustion model will be outlined in the following.
Based on hemispheric flame propagation, the combustion chamber is divided in a burnt and an unburnt zone. Both zones are separated from each other by the flame front which is not considered as an additional, thermodynamical zone. The burn rate dm b is calculated by means of the mass m F entrained into the flame front and the characteristic burn-up time t L (equation (1))
The flame front mass m F results from the difference between the mass entering the flame front (m E ) and the mass entering the burnt zone (m b ). The characteristic burn-up time depends on the laminar flame speed s L and the Taylor length l T . The Taylor length can be computed by knowledge of the global length scale l, turbulence speed u turb , turbulent kinetic viscosity n T and the Taylor factor x Taylor with a value assumed to be 15.
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The laminar flame speed calculation for methane is based on Gu¨lder. 9 This calculation method extrapolates into unsurveyed ranges. Therefore, the laminar flame speed correlation proposed in this study substitutes the previous calculation method. Additionally, the influence of admixing ethane, propane, n-butane or hydrogen is implemented, enabling the calculation of binary CNG substitutes To calculate the turbulence speed u turb , two different k-e turbulence models can be used: a homogeneous, isotropic k-e turbulence model 17 and a quasidimensional k-e turbulence model. 18 u turb influencesbesides the Taylor length l T -also the entrainment velocity u E which in turn defines the entrainment mass flow dm E into the flame front (equation (2)). The density in the unburnt zone r ub depends on the corresponding mass and volume, while the flame surface A fl is calculated according to Grill et al. 16 dm
Laminar flame speeds of binary, methanebased CNG substitutes
To evaluate the quality of the hitherto used Gu¨lder correlation, 9 reaction kinetics calculations of laminar flame speeds are carried out for methane. Furthermore, s L changes due to admixing ethane, propane, n-butane or hydrogen cannot be considered in the engine simulation yet. In this section, these secondary fuel components are going to be investigated so that influences can be understood and applied in quasi-dimensional burn rate models.
Reaction kinetics calculations and results
Reaction mechanisms are the basis of reaction kinetics calculations. Such mechanisms are developed for specific fuels and contain the equations of all (known) elementary reactions taking place during the combustion. These reactions are studied in detail for a wide range of boundary conditions to investigate on their temperature and pressure dependency as well as on their material properties such as mass transfer coefficients of all molecules that are listed in the reaction equations.
To perform reaction kinetics calculations, a software is needed to use the information stored in a reaction mechanism. In this study, Cantera 19 is used and controlled via the computer language Python. Cantera offers, among other calculation scenarios, onedimensional flames, which are used to determine laminar flame speeds. Furthermore, the reaction mechanism GRI-Mech 3.0 20 is included. This mechanism has been developed and validated to calculate natural gases and is widely used for methane calculations. However, it contains only proprietary information about propane and n-butane chemistry. 20 Hence, the performance of other mechanisms was tested to capture this admixture influence by comparing calculation results with measured s L values. For the admixture of propane, the University of Southern California (USC) C1-C3 mechanism 21 has been used. The USC C1-C4 22 showed the best quality when calculating methane/n-butane mixtures.
It is important to note that with changing reaction mechanisms, the calculation results for pure methane diverge. As stated in Qin et al., 21 this divergence might result from the adaption of the USC mechanisms to represent higher hydrocarbons in addition to methane. To obtain consistent s L values for pure methane, the USC mechanisms have only been used to calculate the relative influence of admixing propane or n-butane. This relative influence has been applied to the absolute s L values for pure methane, calculated with the GRIMech 3.0. Its results seem to be most trustworthy for pure methane in comparison with measurement data.
By using Python, it is possible to automate Cantera calculations for a wide range of boundary conditions. The boundary conditions used in this study are summarized in Table 1 . The different ranges have been chosen to cover all possible engine operation conditions. The values in the brackets were calculated, but not again used, when applying the model approach to the results of the reaction kinetics calculations. They served as a validation basis for the model behavior outside of its adaption range. The blending rate limit of 40 mol% results on one hand from the non-linear behavior of H 2 admixture above 40 mol%, where the transition from methane-controlled to hydrogen-controlled combustion begins. 23 On the other hand, a mixture of 60 mol% methane and 40 mol% hydrogen represents a methane number of 60, which already indicates a very high knocking tendency. Besides this, mixtures with considerably low methane numbers could be calculated using high amounts of n-butane, for example, 40 mol% is equal to a methane number of 32.1. Figure 1 gives an overview of the calculated laminar flame speeds of methane for varying residual exhaust gas fractions at different temperatures and pressures. While higher temperatures increase the speed of chemical reactions and, thus, the laminar flame speed, higher pressures or residual exhaust gas fractions show an inhibiting influence. Besides increasing the heat capacity, and thereby lowering the temperature, the residual exhaust gas dilutes the combustible mixture. This dilution decreases the fuel and the oxidizer concentration and, therefore, impedes the chemical reactions. The pressure influence on the flame speed can be explained by Le Chatelier's principle: 24 High pressures promote reactions with fewer products than reactants. With a lower number of molecules, the pressure is reduced. For combustion reactions, this can be translated to the acceleration of chain-breaking reactions. In these reactions, fuel radicals recombine to a single stable molecule, hence breaking the chain reaction of the combustion and consequently decreasing the flame speed.
The calculated influence of rising hydrogen amounts for different fuel-air equivalence ratios F = 1=l is compared with measurement data from Hermanns 1 in Figure 2 . With a higher amount of H 2 , the laminar flame speed of the mixture increases significantly due to the high reactivity of hydrogen molecules and matches the measured trend. For mixtures of methane with ethane, propane or n-butane, the same qualitative trends of calculation results can be observed. However, the absolute influence on the flame speed is less significant, which matches with the trends measured by Dirrenberger.
2 On the contrary, the knocking tendency is strongly increased by adding even small amounts of n-butane to methane for example.
When varying F, a maximum in flame speed for slightly rich mixtures can be observed. This is a result of a chemical equilibrium, which only allows a conversion of all available oxygen with a surplus of fuel. With leaner or richer mixtures, the concentration of either reactant or oxidant decreases, which results in a lower speed of the combustion reactions. Additionally, the excess amount of air or fuel has to be heated up, which brings a lower temperature and, thus, reduces the laminar flame speed.
It has to be noted that among other effects, laminar flame speed measurements might get influenced by flame wrinkling, for which a mathematical correction is necessary, eventually causing measurement uncertainties. Furthermore, flame wrinkling effects limit the range of available measurements to relatively low temperatures and pressures. Figure 3 compares the influences of residual gas (EGR) and l on s L for pure methane at a pressure of 1 bar. The x-axes are scaled to match the curves of residual gas and l for 300 K. The difference between the scales indicates the different influences of l and EGR, since l = 1.3 and a residual gas fraction of 22.1 mass% represents the same degree of charge dilution. On the one hand, this results from different heat capacities of the air and the residual gas, which influence the heating of the unburnt gas as well as the flame temperature. On the other hand, the different chemical behaviors of the reactive excessive air at l = 1.3 changes the reactions that take place during the combustion, compared to the nearly inert residual gas. The increasing difference between the blue and the red lines with higher temperatures represents the temperature dependency between l and the residual gas influence, which needs to be taken into consideration when approximating the correlation for the laminar flame speeds.
In general, the calculated laminar flame speeds of all investigated mixtures show plausible trends over varied boundary conditions, matching available measurement data inside the range of measurement uncertainty. Since the single reactions that build a reaction mechanism can be studied in a far bigger boundary condition range than the laminar flame speeds, it is possible to use reaction mechanisms outside of their validation range. 25 Due to the lack of measurements, this range is relatively small. Therefore, only results of reaction kinetics calculation allow creating a laminar flame speed correlation for the engine application. Figure 4 compares laminar flame speeds that result from the Gu¨lder correlation, 9 described by equation (3), with reaction kinetics calculation results for pure methane at l = 1
Model approach
Although the basic trends of pressure and temperature are similar, the absolute values from the Gu¨lder correlation are significantly lower, particularly at high temperatures. These boundary conditions are very important for burn rate calculations, as the combustion sets in at relatively high temperatures. A decreasing pressure results in a stronger increase of s L compared to the calculation results.
Besides the direct influence of temperature, pressure, air-fuel equivalence ratio, residual exhaust gas fraction and fuel composition on the laminar flame speed, further cross influences of different boundary conditions can be observed. The most prominent influence is that of the temperature on the pressure or vice versa. As mentioned in the ''Introduction'' section, investigations summarized in Konnov 3 propose a pressure dependency of the parameter a and a temperature dependency of b. According to Konnov, 3 these parameters also should be l dependent, whereby the l influence shows a non-monotonous trend. Additionally, equation (3) makes it impossible to reproduce temperature trends that are shown in Figure 3 . This indicates that the Gu¨lder correlation requires a revision in order to account for these influences. As a consequence, the parameters of another correlation for laminar flame speeds of iso-octane, described by Ewald, 11 are adapted to match the calculation results of s L for methane. The correlation considers several cross influences and is very promising in reaching a higher accordance between the reaction kinetics calculations and the correlated values. The correlation is described by equations (4)- (8) 
All parameters that are not described by any subequations are calibration parameters. To match reaction kinetics calculation results for pure methane, the parameters have been calibrated by the least error square method for the boundary conditions that are listed in Table 1 . To achieve the best possible conformity, errors at boundary conditions that are relevant for the engine operation have been weighted stronger than the non-relevant ones, for example, those at high pressures and at 300 K. The resulting parameters are Tables 2 and 3 . S 1 to S 4 are splines, depending on Z Ã . During the calibration process, equation (8) was changed by adding the exponent c to better match the influence of EGR on the calculated burnt temperature T b .
The adaption quality (deviation in percent) between the correlation and the calculation for pure methane is displayed in Figure 5 at l = 1.
There are two noticeable areas of high deviations. At very high pressures above 170 bar and relatively low temperatures, a difference of 18% and higher appears. For a combustion engine, however, the combination of these pressures and temperatures never takes place. For higher temperatures, the difference decreases. It has to be noted that the correlation adaption has only been carried out for pressures up to 100 bar. Higher pressures, hence, represent an extrapolation area that shows a fairly well match between the calculation and the correlation. The same applies for the air-fuel equivalence ratio l, where a good conformity between the correlation and the calculation can be observed throughout to the flammability limits, although the correlation only had been adapted for l41:7.
The big difference at pressures around 25 bar and low temperatures is a result of compromises that had to be made during the adaption of the correlation parameters. It is possible to reach a better conformity here, but other areas would, by that, be affected adversely.
The white solid line represents the temperature and pressure trace of the unburnt zone during the high pressure cycle at full load, beginning with ''cycle start'' and ending with ''cycle end.'' The white arrows mark the start of combustion as well as the MFB95 point, where 95% of the fuel has already burnt. It can be seen that the main part of the combustion lies inside areas of low deviation between the calculation and the simulation, which explains the validity of the compromises that were made. When reducing the load, the white curve shifts toward lower pressures with similar temperatures. The displayed temperature/pressure trace, hence, represents the worst case. When varying l or the residual exhaust gas content, the level of deviation remains similar; most T/p combinations stay below 12%.
The trends displayed in Figures 4 and 5 can also be found in Figure 6 , showing the calculated laminar flame speed, the Gu¨lder correlation and the correlation proposed in this work for one engine cycle. With Gu¨lder strongly differing from the reaction kinetics calculation results, the general trend for s L can be reproduced much Table 3 . Adapted spline values. better when using the new correlation. Compared to the calculation results, the maximum error is approximately 14%.
Since the correlation proposed in Ewald 11 only accounts for pure fuels, an extension of the formulas is necessary to include the influence of ethane, propane, n-butane and hydrogen admixtures. For the alkanes, a dependency of the calibration parameters F, n a and n EGR on the secondary component mass fraction Y C x H y as described in equations (9)- (11) is sufficient to find a good match between the correlation and the calculated results
The used calibration parameters are listed in Table 4 dependent on the alkane type. Just as with pure methane, they were determined by minimizing their weighted error squares.
The admixture-dependent parameters with the index C x H y , defined in equations (9)- (11), replace the existing parameters F, n a and n EGR in equations (4) and (5) . If Y C x H y is zero, the equations are reduced to the base calibration parameters for pure methane, as listed in Table 2 . Since the splines S 1 to S 4 are independent from the content of the secondary component, the equation for Z Ã , given in Ewald, 11 is redefined with equation (6), where L min, CH 4 is used. Hence, it can be avoided to change any Z Ã values when changing the fuel composition.
The resulting difference in percent between the reaction kinetics calculation and the expanded correlation for 40 mol% alkane admixture is shown in Figures 7  and 8(a) . In general, the trends and the degrees of the deviation are comparable to pure methane, which underlines the high quality of the expanded correlation.
For hydrogen, it is necessary to take the pressure dependency and l dependency of hydrogen admixture into consideration. For this idea, equation (12) was developed, which uses the calibration parameters that are listed in Table 5 . Similar to the correlation that was developed for alkane admixtures, equation (12) is reduced to the parameter F for pure methane if Y H 2 is zero
Figure 8(b) shows the deviation between the calculated results and the extended correlation for a mixture between 60 mol% of CH 4 and 40 mol% of H 2 . When comparing the results with Figure 5 , only a slight change in deviation distribution and no change in deviation level become apparent which underlines the good quality for the extension of the formula. In contrast to this, a simple adaption of existing correlation parameters with changing fuel composition, as it is sufficient for alkane admixture, would result in an increase of the deviation level.
Test in burn rate model
To validate the updated and expanded correlation not only in terms of conformity with calculated flame speeds, but also with its influence on burn rate simulations, it is implemented in the burn rate model, which was described in section ''Burn rate modeling,'' where the heat release rate is calculated by multiplying the burn rate with the lower heating value and the combustion efficiency. For this purpose, measured pressure traces of a single-cylinder research engine with 0.6 L of displacement volume for CH 4 and CH 4 with 30 mol% H 2 at 2000 r/min and full load are analyzed in order to calculate the heat release rate by performing a pressure trace analysis (PTA). These heat release rates are compared to simulation results in Figure 9 , where the model is calibrated for pure methane. While the shapes of simulated heat release rates slightly differ from the measurements, the general influence of hydrogen admixture is well predicted: With a higher laminar flame speed, the heat release rate increases faster and reaches higher peak values. As a result, the burn duration decreases, since the change in mass-specific heating value when admixing hydrogen is considered to reach fuels with a comparable energy content and, thus, resulting in similar maximum values of the cumulative heat release rates.
When using the Gu¨lder correlation with the same model calibration parameters and MFB50, the heat release rate increases slower and reaches lower peak pressures due to lower laminar flame speeds. Consequently, the burn duration increases. As equation (2) indicates, lower values of laminar flame speed can be compensated by increasing turbulence level and, thus, the turbulence speed u turb , leading to similar values of entrainment velocity u E .
Another validation of the flame speed model in comparison with Gu¨lder is shown in Figure 10 for varying l values and pure methane. Again, PTA results are compared with simulated heat release rates. The PTA results show the expected trend: Starting from l = 1, the heat release rate increases for l = 0.9 and decreases for leaner mixtures. In this comparison, the burn rate model is calibrated for each flame speed sub-model at l = 1 by adapting the turbulence level. No recalibration was performed for other l values. It can be seen that the simulations using the proposed flame speed model follow the PTA results well, which proves that the flame speed model is capable of predicting heat release rate changes due to l variation. When using Gu¨lder, the l influence is over-estimated at high l values. This results from the characteristics of equation (3): for l . 2, the calculated s L is almost zero, independent on pressure or temperature, which contradicts reaction kinetics calculations as well as measurements described in Coward and Jones. 26 
Fuel composition influence on knock simulation
To operate spark ignition (SI) engines as efficient as possible, it is very important to determine the knock limit. Engine knock is caused by autoignition in the unburnt zone during the regular combustion and can lead to severe engine damage. The autoignition process depends on the reactivity of the gas composition and can be characterized by the ignition delay time. The ignition delays of CH 4 /H 2 blends were calculated for temperatures up to 1500 K and pressures up to 180 bar. In Cantera, a homogeneous reactor model was set up and the ignition process was simulated using the mechanism Natural Gas III. 27 This mechanism was designed for natural gas blends up to nC5 components. The results of the reaction kinetics simulation are shown in Figure 11 .
By adding hydrogen, the ignition delay in the temperature regime of . 1100 K is significantly reduced whereas in the temperature range of \ 1000 K there is only a slight speedup of the reaction rates. The lines in the diagram illustrate the approximated ignition delays. For the approximation, a modified Arrhenius equation (equation (13)) was fitted for three temperature regimes and combined with the Weisser approach, 14 according to equation (14) t n = a n Á p 100 bar a n Á l b n Á e En RÁT
The parameters a n and b n describe the influence of the pressure and the air-fuel equivalence ratio for low, middle and high temperatures (n = 1, 2, 3). The influence of the fuel composition is implicated in the parameters a n and E n = f(mol À %H 2 ).
During the regular combustion process, temperature and pressure in the unburnt zone are changing continually and cannot be considered as constant. Therefore, the knock integral (equation (15)) is used to describe the thermodynamic state of the end gas.
28, 29 The higher the value of I K at a specific instant of time t E , the higher the risk of autoignition and knocking for the related operating point
To validate the knock model, MFB50 variations were performed on engine test bed in order to determine the crank angle degree where a 5% knock ratio is reached, which is assumed to be the maximum ratio acceptable for save engine operation and, thus, is named the knock limit. The investigation was performed for methane and three mixtures of methane and hydrogen with a methane number (MN) of 88, 82 and 65. Due to the definition of the methane number, these numbers directly correlate to the methane content of the mixtures. The results are shown in the bottom part of Figure 12 . According to the gradation of the methane number, the crank angle degree of MFB50 at the knock limit is shifted toward higher values after top dead center firing (TDCF), representing higher knocking tendencies of the respective mixture. In simulation, the knock limit is defined as a knock integral value of one. Figure 12 shows that this definition is true at the same crank angle degree where a knock ratio of 5% is reached with pure methane. For the other fuels investigated, the general gradation seen in the measurements can be predicted fairly well, with the maximum error of two crank angle degree occurring for the MN65 fuel. In general, a deviation of 2°CA is considered as the level of reproducibility on engine test bed, underlining the good quality of the presented knock model in terms of predicting fuel composition influence on engine knock.
Prediction of operating range for stationary CNG engines
The combination of all models described in the previous sections allows to predict the operating ranges of spark ignition engines, accounting for the influence of knock on one hand and unstable engine operation due to cycle-to-cycle variations on the other hand.
For stationary CNG engines, the prediction of the operating range is of special interest in terms of incylinder nitric oxide (NO) emission reduction by lean engine operation and high efficiency through earliest possible MFB50. The knock limit restricts the operating range for an early MFB50 and a lean misfire limit restricts for a late MFB50. The knock limit is predicted using the approach presented above, whereas the lean misfire limit is predicted using a cycle-to-cycle variation (CCV) model described in Wenig. 15 This model calculates burn rate changes by imposing statistical fluctuations of flame speed and ignition delay. If the resulting fluctuations of the indicated mean effective pressure exceed a certain limit, the operating point is considered as unstable. Since the CCV model varies s L , changes in the flame speed model influence the predicted lean misfire limit. The knock limit and lean misfire limit for pure methane are represented in Figure 13 by the blue lines. When exemplarily adding 30 mol% of hydrogen, the burn duration decreases. If the fuel influence on knock is neglected, the decreased burn duration allows setting an earlier MFB50, which is represented by the dashed red line on the left. When additionally accounting for fuel composition influences on engine knock using the presented approach to model t, the knock limit is shifted toward later MFB50, represented by the middle red line for the CH 4 /H 2 blend. This shows that the influence of hydrogen admixture on engine knock overcomes the positive influence on burn duration, thus narrowing the engine operating range. In contrary, the stabilizing effect of higher laminar flame speeds on combustion allows higher mixture dilution, thus widening the operating range. This behavior is represented by the shifted lean misfire limit toward later MFB50 as illustrated in Figure 13 . Although the influence of secondary component admixture on lean misfire limit seems relatively small concerning MFB50, the possibility to significantly increase l can result in decreasing NOx emissions. For individual application, this benefit has to counterbalance the reduced operating range due to shifted knock limits.
Conclusion
Based on reaction kinetics calculation, a new correlation for laminar flame speeds of methane is proposed in this article. The correlation addresses the shortcomings of the widely used Gu¨lder correlation, which are identified in the literature or result from the comparison with reaction kinetics calculation results. Shortcomings are, for example, the independent influence of temperature and pressure, the temperature independency of the influence of residual gas and l as well as a lack of fuel composition influence. In contrast, the proposed flame speed model accounts for all these influences, covering mixtures of methane with secondary fuel components such as ethane, propane, n-butane and hydrogen. This allows to investigate the influence of binary methane-based CNG substitutes on the combustion. However, changing fuel compositions also affect the probability of engine knock. This effect is not covered by basic knock models like Franzke. 29 Consequently, ignition delay times that result from reaction kinetics calculations are approximated using the Weisser approach for varying fuel compositions. When additionally using a cycle-to-cycle variation model, the full operating range of stationary gas engines in terms of knock and lean misfire limit for varying fuel compositions can be calculated. On one hand, this allows evaluating available engine control ranges for different l values. On the other hand, raw NO emission reduction potentials, for instance, can be identified.
In general, the presented study shows how the collaboration of several 0D/1D models and their mutual influences allow to predict engine operation limiting factors in dependence on fuel composition, which improves a computer-aided engine development process significantly. Particularly, for stationary gas engines, where experimental investigations are often expensive and limited to single-cylinder research engines, 0D/1D simulations offer a high potential in reducing monetary effort and speed up the development process by considering the behavior of a full engine.
